is employed to investigate the hydrodynamics in a gas-slurry internal loop reactor with external slurry that the upward movement of gas is slowed down and the residence time of gas is prolonged by the downward momentum of the slurry. Introduction of the external slurry can greatly improve the uniformity of gas holdup distribution in the reactor, especially in the downcomer-tube action region. Moreover, the interaction between the downward slurry and upward gas can lead to small bubble size and high interfacial area as well as good mass and heat transfer. The above results suggest the function of external slurry circulation for the internal loop reactor and would be helpful for optimizing the design and scale up of reactors.
between gas and liquid (or slurry) in an internal loop reactor slurry. Therefore, several modified configurations of loop reactors were proposed to meet the requirement for slow chemical reactions, such as Fischer-Tropsch and methanol syntheses (Zhang and Zhao, 2006; Lu et al, 2009; Zhang et al, 2003 Zhang et al, , 2010b Liu et al, 2008) . Among these reactors, the combined gas-liquid (or -slurry) loop reactor proposed by Lu et al (2009) makes use of the advantages of the external and internal loop reactor. It includes a liquid (or slurry) spray section in the upper part, a sieve plates section in the middle part, and an internal loop section in the lower part. External liquid (or slurry) circulation is introduced by a downcomer tube (Fig.1c) , which can enhance the driving force because of the pressure difference between the riser and the annular region and increase the interfacial area between the gas and liquid (or slurry) phases.
In this combined gas-liquid-solid three-phase loop reactor, gas-phase properties, such as gas holdup, bubble movement characteristics and bubble size distribution strongly affect heat and mass transfer and chemical reactions. Although gasphase properties have been investigated experimentally in the traditional internal loop reactors or bubble columns by many researchers (Jin et al, 2005 (Jin et al, , 2007 Zhang et al, 2008) , little research has been carried out on combined loop reactors. In understanding is needed of the hydrodynamics resulting in Pet.Sci.(2013)10:251-261 1 Introduction reactor has been widely used in chemical processing and other related tasks due to its simple construction without moving with low energy consumption, straightforward operation with low cost and so on (Lo and Hwang, 2003; Vial et al, 2005; Giovannettone et al, 2009; Deng et al, 2010) . The loop reactor is usually divided into external and internal loop reactors (Kilonzo and Margaritis, 2004; Wang et al, 2007) . As shown in Fig.1a , the internal loop reactor is usually constructed by mounting a draft tube inside the fluidized bed. Liquid (or slurry) is brought up by gas sparged into the draft tube or the annulus region and falls down due to gravity, which results in overall liquid (or slurry) circulation in the reactor. The external loop reactor has an external downcomer attached to and a global liquid (or slurry) circulation is induced due to the pressure difference between the riser and downcomer (Fig.1b) .
Although liquid (or slurry) circulation in the both loop reactors can enhance mixing and improve heat and mass transfer between gas and liquid (or slurry) phases, the driving force arising from the pressure difference in an external loop the complex phenomena within the multiphase contactor. In recent decades, the significant improvement in design capability and reliability of multiphase reactors is mainly attributed to the advances in computational fluid dynamics (CFD) simulation. This technique can provide in-depth details expensive experiments (Krishna et al, 2000; Jia et al, 2007; Bhole et al, 2008; Zhang et al, 2010a; Qi et al, 2011) .
For most studies dealing with gas-liquid and gas-liquidi.e. monodisperse gas bubbles (van Baten and Krishna, 2001; Lu et al, 2009; Qi et al, 2011) . In fact, a wide range of bubble sizes and shapes exist at different locations throughout the dispersed gas-liquid or gas-liquid-solid reactor, especially sizes and shapes will result in the gas phase having velocity and volume fraction distributions. Meanwhile, these distributions will have an effect on the gas bubble sizes and shapes too. Currently, the multiple size group (MUSIG) model based upon the population balance model (PBM) has been widely used for predicting the dynamic bubble coalescence and breakup behavior in gas-liquid or gas-liquidsolid reactors (Jia et al, 2007; Bhole et al, 2008; Zhang et al, 2010a) . The hydrodynamics and mass transfer have been investigated in the gas-liquid-solid internal loop reactor with external slurry circulation (Lu et al, 2009; Zhang et al, 2010b; Liu et al, 2007) . The results show that experimental data are considerably affected by the fluid flow inside the reactor. To better understand the physical flow inside the complicated reactor, Lu et al (2009) ran CFD simulations with monodispersed gas bubbles in the gas-liquid reactor. Qi et al (2012) employed a CFD-PBE coupled model investigated the influence of reactor internals in a gas-liquid combined loop reactor. However, these simulations cannot capture the gas bubble characteristics for the slurry phase with different densities and viscosities in the gas-liquid-solid combined loop reactor. In this paper a CFD-PBE model is employed for further characterizing the flow dynamics, such as flow pattern, gas holdup and bubble diameter distribution in the internal loop reactor with external slurry circulation 2 Mathematical model
Physical properties
For the liquid fuel synthesis process, the fine catalyst particles are well mixed with the viscous liquid medium. Accordingly, the liquid phase and solid particles can be treated approximately as a pseudo-homogenous slurry phase. In this study, the correlations of Eq. (1) by Hillmer et al (1994) and Eq. (2) by Thomas (1965) where is the density, and is the volume fraction. The subscript "l, s and slurry" stand for liquid, solid and slurry phases, respectively.
Continuity and momentum equations
An Eulerian-Eulerian multi-fluid model is employed, and both gas and slurry phases are treated as continuum, interpenetrating and interacting with each other in the computational domain. The pressure field is assumed to be shared by the both phases, which is in proportion to their corresponding volume fraction. The mass and momentum conservation equations are as below.
The continuity equation is:
i i i i i u t where u is the velocity, the subscript i stands for gas or slurry phase. The momentum equation is:
where P, , and g are pressure, dynamic viscosity and gravity acceleration, respectively. F i is the interfacial force acting on phase i as the presence of the other phase, j, including drag force, interphase turbulent dispersion force, virtual mass force and lift force. The virtual mass force and lift force are negligible in comparison to the drag force and interphase turbulent disperion force (Panneerselvam et al, 2008; Bartrand et al, 2009) , then F i can be expressed as:
where F i D is the drag force, and F i T is the interfacial force resulting from turbulent dispersion.
The drag component of the interfacial force term is given by:
where C D A ij is the net interfacial area between the two phases. The Grace model proposed by Cift et al (1978) is chosen for calculating the drag force, and where d b stands for the mean bubble diameter, is the difference of density between the slurry and gas phases, u T is the bubble terminal rise velocity, which can be calculated as: (8) 
where C TD is the momentum transfer coefficient for the interphase drag force, which ranges from 0.1 to 0.5 based on C D tslurry stands for turbulent viscosity and tslurry for the turbulent Schmidt number of the slurry phase.
Turbulence model
In order to solve the Reynolds stress in the turbulent momentum equations, the standard k-model is chosen for simulating the slurry phase, and expressed as follows: 
The zero equation model has been proved and utilized to simulate the dispersed phase (gas or solid) turbulence in twoor three-phase reactors (Díaz et al, 2008; Panneerselvam et al, 2008; Bartrand et al, 2009 ). This model is used to calculate the turbulent viscosity of the gas phase in this study. where t is a turbulent Prandtl number relating the gas phase kinematic eddy viscosity ( tg ) to the kinematic eddy viscosity of slurry phase ( tslurry ).
MUSIG model
The Multiple Size Group (MUSIG) model based on the gas bubble population model is employed to handle polydispersed bubbles in the simulation. One attribute of polydispersed multiphase flow is that different sizes of the dispersed phase interact with each other through the mechanisms of breakup and coalescence (Bhole et al, 2008; Zhang et al, 2010b ). This MUSIG model considers several bubble classes with different diameters (d i ), which can be represented by an equivalent phase with a Sauter mean diameter (d b ). Let n(m, t) stand for the number density of gas bubbles of mass m at time t, population balance equations can be expressed as:
m t n m t B D B D t
where B B , D B , B C , and D C are the birth rate as the breakup of larger bubbles, the death rate as the breakup of larger bubbles into smaller bubbles, the birth rate as the coalescence of smaller bubbles, and the death rate as the coalescence of smaller bubbles with other bubbles, respectively. These rates may further be expressed as: 
where U i is velocity of size group i. and S i is source term of size group i which is:
(28) can be written as:
Eq. (29) is the size fraction equation used by the MUSIG model. A further simplification assumes that all the size groups share the same density g and velocity U g , yielding the homogeneous MUSIG model:
In the homogeneous MUSIG model, the birth rate of small bubbles resulting from the breakup of larger bubbles, is contributed to the source term, S i , and it is calculated as:
and the death rate of large bubbles by breaking into smaller bubbles is:
The total source to breakup is zero when summed over all the size groups:
For the discretized coalescence sources, the coalescence mass matrix, X jki , is defined as the fraction of mass which generates from coalescence between groups j at time t and distributes into group i: 
The contribution of the death rate due to coalescence of smaller bubbles into larger groups to the source term in Eq. (30) is:
Qmm ff m
This formulation for the coalescence source term guarantees that the total source to coalescence is zero when summed over all the size groups:
This follows from the requirement that Q(m i ; m j ) is equal to Q(m g ; m i ), together with the following property of the mass matrix for all j and k:
For the break-up of bubbles in turbulent dispersion, the theoretical model developed by Luo and Svendsen (1996) is employed. This model is developed based on the theories of not contain any unknown or adjustable parameters. Assuming that binary break-up occurs, the break-up rate of bubbles m i into bubbles m j f BV m i ) is expressed as: 
where is the coefficient set for 1.0 (Luo and Svendsen, 1996; Zhang et al, 2010a 
However, the contribution from laminar shear to collision frequency is far less than that from turbulence and buoyancy (Jia et al, 2007; Bhole et al, 2008) , so such effect from laminar shear is neglected in this work.
Numerical details
As mentioned in the Introduction, the combined loop reactor is composed of three sections, i.e. a spray section, a sieve-plate section, and an internal loop section. Fig. 2 shows loop section. A hybrid mesh topology technique is employed in this study. An unstructured mesh is used to manage the lower part of the internal loop section to accommodate the while a structured mesh is used for the rest. More detailed information about the mesh topology technique can be found elsewhere (Lu et al, 2009 ).
Boundary conditions, initial conditions and the iteration scheme are set for the numerical simulation using the ANSYS CFX 10.0 software package (ANSYS, 2005) . At the gas and slurry inlets, gas and slurry velocities are set according to experimental input. At the slurry outlet, gas velocity is set as zero whilst slurry velocity is assigned to be the same as the experimental data. At the gas outlet, a degassing boundary condition is employed at the free surface, from where dispersed bubbles are permitted to escape but the slurry phase is not allowed. Along the wall, gas and slurry are treated as free-slip and no-slip, respectively. Initial bubble size distribution in the MUSIG model is obtained from the experimental measurements by Zhang et al (2010b) . In this work, ten bubble classes, with the diameter ranging from 0 to employed. 
Results and discussion
The internal loop reactor is generally divided into four regions, namely the riser or draft tube region, the gas-liquid separator region, the annulus region and the bottom region (Talvy et al, 2005; Luo and Al-Dahhan, 2008) . Two extra regions have to be considered after external slurry circulation is introduced (Lu et al, 2009; Liu et al, 2008; Zhang et al, 2010b) , and the combined loop reactor is then divided into six regions as shown in Fig. 4 .
In order to verify the reliability of the CFD model and accuracy of the numerical method, radial distribution of local gas holdup and bubble diameter are compared quantitatively with their corresponding experimental results. The detailed experimental procedure and data processing can be found in our previous paper (Zhang et al, 2010b) . From Fig. 5 , it can be seen that for majority of the reactor, the simulated gas holdups are in good agreement with the experimental data although there are deviations in the downcomer-tube action region.
The radial distribution of local mean bubble diameter in the downcomer-tube action region is shown in Fig. 6 . It can be seen that for the majority of the reactor, simulated bubble diameters are in qualitative agreement with the experimental data although there are deviations at lower gas velocities (0.0059 m/s and 0.0671 m/s). The local mean bubble diameter in the region (around r/R bigger than those near the reactor centre and draft tube wall. This is largely because high gas holdup (Fig. 5c ) leading to a high coalescence rate.
Flow pattern of the gas phase
Gas holdup and bubble behaviour depends heavily on the downcomer tube into the reactor, it can lead to more complicated fluid dynamics. Fig. 7 shows that when there is no slurry circulated into the draft tube (Fig. 7a) , bubbles move upward with a relatively high velocity in the centre of the draft tube, quite similar to that in a traditional bubble column (Jin et al, 2007) . When the slurry is introduced into the draft tube at a low velocity (Fig. 7b) , the upward velocity of gas phase is slowed down by the downward momentum of the slurry phase. Gas bubbles rise upward along a distorted pathway near the bottom of the downcomer tube and are pushed towards the wall of the draft tube. When the circulation velocity of the slurry is increased (Fig. 7c) , gas bubbles rise upward on a distorted pathway just above the gas distributor as the slurry phase moves down at a rapid speed. Therefore, the rising pathway of bubbles increases with a and slurry phases contribute to the increased gas holdup and mass transfer between the two phases. Fig. 8 shows that the gas holdup in the annular region is nearly zero and very few bubbles are recirculated by the is 0 m/s. When the U cir is increased to 0.03 m/s or 0.05 m/s, the gas holdup in the annular region is much higher than that when there is no external slurry introduction, indicating that more gas bubbles are retained in the annular region by the slurry from the gas-slurry separation region. Such simulated results indicate that the external slurry circulation by the downcomer tube can greatly increase the residence time of the gas phase and the number of bubbles interacting with the The distribution of local gas holdup along the radial direction is shown in Fig. 9 . Clearly, the introduction of external slurry has a minor impact on the gas holdup at the gas distributor region (Fig. 9a) , and the peak location of gas holdup varies a little caused by the downward moving slurry phase in comparison with that of the original distributor.
Gas holdup characteristics
in the down-comer tube action region (Fig. 9b) when the external slurry phase is introduced into this region. Moreover, a high circulation velocity (0.05 m/s) results in a low gas holdup in comparison with a circulation velocity of 0.03 m/s.
Bubble size distribution
The multi-fluid model coupled with PBE produces the profile of gas bubble size distribution in the internal loop section (see Fig. 9 ). It can be seen that the gas bubble size sizes at the three external slurry velocities in Fig. 10 shows that the smallest bubbles are found in the downcomer-tube action region because of the break-up of larger bubbles in the highly interactive stream (Fig. 7) . Relatively small bubbles are found in the bottom region as large bubbles escape from the gas-slurry separation region. However, the relatively low gas holdup in the bottom region shown in Fig. 5 and Fig. 9 means that very few bubbles are brought into this region. By contrast, relatively large bubbles are expected at the upper draft-tube region of the reactor, as coalescence prevails in this region. The largest bubbles are found in the gas-slurry separation region and also found at the upper section of the annular region. Such a result is in good agreement with the experimental measurement in a traditional bubble column as reported by Bhole et al (2008).
Hydrodynamics in each region
From Figs. 5 and 10, the local gas holdup and bubble size distributions are found to be quite different in the six regions. Their hydrodynamics are discussed below.
In the bottom region: The main contribution of gas holdup in this region comes from gas bubbles brought by the circulating slurry from the annular region. As shown in Fig.  4a , the gas holdup close to the draft tube wall is much higher than that in other radial positions. The circulating bubbles enter the bottom region along the path of the minimum of the slurry and change their direction of movement due to the presence of the gas distributor. Compared with Figs. 4b to 4e, the gas holdup in this region is found to be much lower than that in the annular region.
In the gas-distributor action region: In this region, the circulating bubbles are merged with the bubbles from the gas distributor. Gas bubble characteristics are largely affected by the gas distributor configuration. The maximum gas holdup is at r/R from 0.3 to 0.5, which is located above the gas jet nozzle. Inhomogeneous gas holdup distribution can be a problem in this region as the gas bubbles move as a jet out of the gas distributor and few bubbles are dispersed into the slurry phase around the gas jet.
In the downcomer-tube action region: The distribution of radial gas holdup is non-uniform for all the radial positions in Fig. 5c , but it is more uniform than that in the gasdistributor action region as shown in Fig. 5b . By introduction of an external slurry circulation, the inhomogeneous gas holdup distribution can be improved as shown in Fig. 9b . It can be found that the measured local holdup is higher than the predicted one in Fig. 4c . This is because that the measured gas holdup is gained from tips of the double-sensor conductivity probe, which is developed based on the assumption that all the bubbles rise vertically and are ellipsoidal with the same shape factor (Zhang et al, 2010b) . However, in this highly turbulent region, gas bubbles move in different directions and turn into spherical shape as those bubbles become small.
In the upper draft-tube region: Gas bubbles move out of the downcomer-tube action region, and then enter the upper draft-tube region. These bubbles experience a similar environment as in a traditional bubble column (Jin et al, 2007) . Gas holdup in the centers of the downcomer tube and draft tube is higher than that close to the draft tube wall in this region (see Figs. 5d and 5e). Gas bubbles tend to move to the centre of the internal loop section and they are larger than those in gas-distributor action region and downcomer-tube action region because coalescence of bubbles prevails in this external circulation slurry becomes weak.
In the gas-slurry separation region: When gas bubbles reach the top of the internal loop section, i.e. the gas-slurry separation region, the majority of large bubbles breakup into small ones and then escape from the gas-slurry interface. It is clearly shown that the gas holdup (Fig. 5f ) in this zone at a higher gas superficial velocity (0.0671 to 0.1895 m/s) is almost the same as in the corresponding annular zone. By contrast, the highest gas holdup at a lower gas superficial velocity of 0.0059 m/s (Fig. 5f ) appears around the radial position of 0.6R. In the annular region: In the annular region (or outer loop), gas bubbles are brought back by the slurry phase. Gas holdup decreases from the top (Fig. 5e ) to the bottom (Fig. 5b) , and is much lower than that in the corresponding sections inside the draft tube as shown in Figs. 5b to 5e. Such results indicate that only small bubbles can be carried into the annular region from the gas-slurry separation region, and small bubbles coalesce to large ones when they move downward within the annular loop, and then larger bubbles change movement direction and return to the top of the annular region.
Conclusion
A coupled CFD-PBE model considering bubble breakup and coalescence characteristics is employed to investigate the hydrodynamics in the internal loop section of the combined loop reactor. Both the predicted radial profiles of local gas holdup and local mean bubble diameter are in fair agreement with our published experimental data (Zhang et al, 2010b) .
patterns in the downcomer-tube action region because of the interaction between the upward-moving gas bubbles and the downward-moving slurry phase. In addition, the uniformity introducing external slurry circulation from the downcomer tube, especially in the gas-distributor region, downcomer-tube action region as well as the annular region.
Local gas holdup and mean bubble diameter are quite different in different regions of the internal loop section. The local gas holdup is far lower in the bottom region than that distributor action and downcomer-tube action regions, and is relatively constant in the upper draft-tube and gas-slurry separation regions. Moreover, the local gas holdup is much higher within the draft tube than that in the corresponding part of the annular region, except for the gas-slurry separation region.
The mean bubble diameter is inhomogeneously distributed in different regions. The smallest bubbles are found in the downcomer-tube action region because of the breakup of larger bubbles in the highly interactive stream, while relatively large bubbles are expected at the upper draft-tube region of the reactor as coalescence prevails in this region. The largest bubbles are found in the gas-slurry separation region and also at the upper section of the annular region. (B12034) is gratefully acknowledged. We also thank Prof. Chunxi Lu and Mr. Jin Jiaqi for their contribution in the paper.
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